Introduction
The small G-protein ADP-ribosylation factor (ARF) [l] plays a pivotal role in controlling the structure and function of the Golgi apparatus, but the mechanisms by which such control is effected are not completely understood. Homologues of two components of the erythrocyte plasma membrane skeleton, spectrin (a still uncharacterized /?-spectrin isoform) and ankyrin [a 119 kDa general ankyrin (Ank,,,,) and a 195 kDa ankyrin], have been identified in the Golgi complex [24] , but the significance of this localization is unknown. To determine the functional impact of Golgi-associated spectrin, we have dissected the molecular mechanisms of spectrin binding to Golgi membranes, developed specific inhibitors of such binding, and investigated the effects of the inhibitors on intracellular membrane traffic.
Methods lmmunofluorescence
Swiss 3T3 cells were grown in chamber slides (Nunc), exposed to the indicated treatments in complete growth medium and then processed for immunofluorescence. Briefly, the cells were fixed in 1.9 yo paraformaldehyde at 4 "C for 1 h, permeabilized with 0.01 yo saponin, blocked with 10% normal goat serum, treated with primary antibodies for 16 h at 4 "C followed by specific Cy3 or FITC-conjugated secondary antibodies, and examined using a Meridian confocal microscope.
Binding to Golgi membranes
Golgi membranes (1 00 pg/ml) were obtained from Swiss 3T3 cells or from rat liver . Cytosol (1.5 mg/ml) was obtained from rat brain or from Swiss 3T3 or RBL cells [5] and dialysed. ARFdepleted cytosol was prepared according to Taylor 'To whom correspondence should be addressed. et al. [8] . ARF was purified from bovine brain cytosol according to Moss et al. [9] . Golgi membranes and cytosol were incubated in binding buffer (25mM Hepes/KOH, p H 7 , 0 . 2 M sucrose, 25 mM KCl, 2.5 mM MgCl,, 1 mM ATP, 5 mM phosphocreatine, 10 units/ml creatine kinase and 1 mM dithiothreitol, plus 20pM guanosine 5'-[y-thioltriphosphate (GTP[S]) for the last 10 min} for 25 min at 37 "C. Cytosol and Golgi membranes from different sources gave very similar results. At the end of the incubations, membranes were pelleted and analysed by SDS/PAGE (4-1 5 yo gels) and Western blotting using a panel of polyclonal antibodies : M U S l , Chemicon 993 and an antibody against the whole PIC2 pleckstrin homology (PH) domain (see below). We define / ? I P spectrin as a protein of about 220 kDa that is recognized by the above panel of antibodies, but not by anti-PII-spectrin antibodies. Secondary antibodies labelled with peroxidase were used, and protein bands were quantified by densitometry.
Antibodies
The panel of anti-spectrin antibodies used included three anti-/?IZ2-spectrin-specific polyclonal antibodies: M U S l , raised against a 17-amino-acid peptide adjacent to the PH domain Other methods pGEX vectors containing the cDNA sequences encoding the direct membrane-association domain Phospholipids: Regulators of Membrane Traffic and Signalling (MAD) 1 and MAD2 of BIZ2 spectrin were expressed in Escherichia coli as glutathione Stransferase ( G S T ) fusion proteins by I P T G induction, and purified as described in [7] . In particular, the PI, (amino acids 1-1 205) and PI, (amino acids 1-666) constructs include the MAD1 domain, whereas the PIL'2,,,, construct includes the MAD2 domain (containing the P H domain), of BIZ2 spectrin. T h e PI1 spectrin P H domain [12] , the oxysterol-binding protein P H domain [13] and the Bruton's tyrosine kinase (Btk) P H domain (amino acids -6 to 217) [14] were expressed as G S T fusion proteins and purified as described in [14] .
Membrane phospholipids were extracted in chloroform/methanol (1 : 1, v/v) and analysed by T L C as described [ 151, and the radioactive products were quantified using a Packard InstantImager.
Results
We used a panel of anti-PI-spectrin antibodies to characterize the distribution and nature of Golgiassociated spectrin in Swiss 3T3 cells in immunofluorescence experiments. All the antibodies gave very similar patterns and labelled Golgi-like peri- These results indicate that a spectrin-ankyrin complex localizes to the Golgi apparatus in a G-protein-dependent and BFA-sensitive manner, and suggest A R F as a likely candidate for being the G-protein involved.
T h e role of ARF in spectrin binding to the Golgi complex was studied in an in vitro binding assay using isolated Golgi fractions, purified A R F Interestingly, in addition to spectrin and p-COP, a discrete set of cytosolic proteins, including 170 kDa, 120 kDa, 43 kDa and 30 kDa proteins, associated with Golgi membranes in an ARFdependent manner (results not shown). T h e binding characteristics of these proteins were identical with those of spectrin and distinguishable from those of p-COP, in that their binding absolutely required A T P (unlike that of p-COP). T h e 120 kDa and 43 kDa proteins were identified on the basis of antibody reactivity as Ank,,,, and actin respectively. T h e molar ratio between Golgiassociated actin and spectrin was -20: 1.
Spectrin can bind membranes by both ankyrin-mediated and direct interactions, through MADl and MAD2 [12] . In fact, recombinant GST-fused polypeptides spanning M A D l or MAD2 of BIZ2 spectrin inhibited the binding of spectrin to the Golgi apparatus ( Figure 2B ). T h e anti-pI antibody MabVIIIC7 [ l l ] also potently inhibited the binding of PIC* spectrin, Ank,,,, and actin, without affecting the binding of p-COP or ARF (results not shown).
Since MAD2 of BIZ2 spectrin includes a P H domain which, like other P H domains, is known to bind PtdIns(4,5)P2 [19], we examined the possible involvement of PtdInsP, in the Golgi-spectrin association. T o this end, other recombinant GSTfused polypeptides containing PH domains that bind PtdInsP,, such as those of PI1 spectrin, the oxysterol-binding protein [13] and Btk [which, however, preferentially binds PtdIns( 1 ,4,5)P3] [14] , were tested. T h e P H domains from PI1 spectrin and oxysterol-binding protein markedly inhibited the association of pIZ* spectrin with Golgi membranes (Figure 2C ), while the Btk P H domain had no effect (results not shown). T h e lack of effect of the Btk P H domain, along with the observations that wortmannin (an inhibitor of phosphoinositide 3-kinase) does not affect spectrin Phospholipids: Regulaton of Membrane Trafic and Signalling binding (results not shown) and that ARF does not stimulate PtdInsP, synthesis in Golgi membranes (see below), suggest a preferential role for PtdInsP,, rather than PtdInsP,, in spectrin binding. If PtdInsP, is involved in the ARF-dependent binding of spectrin to the Golgi complex, ARF should stimulate synthesis of PtdInsP, in Golgi membranes. Indeed, in the same experimental setting (two-step experiment) in which the ARFdependent binding of spectrin was studied, it was possible to confirm that ARF is a powerful stimulator of PtdInsP, synthesis (Figure 3) . In contrast, PtdInsP, synthesis was not stimulated by activated ARF.
Next, the knowledge gained about the specific inhibitors and the molecular mechanisms of spectrin binding was used to study how such inhibitors interfere with membrane traffic. T o this end, we measured the transport of the G-protein of vesicular stomatitis virus in semi-intact virus-infected Swiss 3T3 cells [20, 21] [a well established assay to study traffic from the endoplasmic reticulum (ER) to the Golgi complex] in the presence of the recombinant polypeptides encompassing MADl and MAD2, the P H domains of PI1 spectrin and oxysterol-binding protein, and MabVIIIC7. In agreement with the in vitro spectrin binding data and with transfection data from M D C K cells [22] , these agents inhibited transport from the ER to the medial Golgi (results not shown) at concentrations similar to those 
Discussion
In this study we have defined the mechanism and functional significance of the association of spectrin with the Golgi complex. Based on our own as well as previous data [12] , we propose that at least two binding domains are engaged in the spectrinGolgi interaction; one binding domain (MADl) bears a constitutive targeting signal [22] , and the other (MAD2) modulates the affinity of this binding and mediates its sensitivity to PtdInsP, and ARF. A similar model combining a targeting site and regulated ' affinity-enhancing ' sites might also apply to other PH-bearing membrane-binding proteins. T h e property of ARF to engage spectrin via PtdInsP, presents striking analogies with the action of the Rho-family GTPases, which activate PtdIns phosphorylation to regulate the actin cytoskeleton and so control the dynamic organization of the plasma membrane [23] . T h e regulation of lipids interacting with cytoskeletal elements by small GTPases may thus be a general mechanism to maintain the spatial and temporal organization of cell membranes, with the ARFspectrin system playing a role in Golgi membrane dynamics.
A growing body of evidence indicates that PtdInsP, and phosphoinositides in general are essential to the functioning of the secretory apparatus [24] , yet the molecular mechanisms and the targets of phosphoinositides remain uncertain. Our results indicate that PtdInsP, plays a major role in mediating the ARF-dependent association of spectrin with the Golgi complex. In contrast, phospholipase D, a known target of ARF [25] , is unlikely to play a role in the recruitment of spectrin induced by ARF, since neither butan-1-01 and ethanol (inhibitors of the formation of phosphatidic acid by phospholipase D) nor exogenous phospholipase D had any specific effect in the binding assay (results not shown).
Finally, we have shown here that spectrin is required in ER-to-Golgi transport. Its involvement in this membrane trafficking step suggests novel kinds of mechanisms operating at the ER/ Golgi interface. T h e known functions of spectrin at the plasma membrane are to guarantee structural integrity and to organize membrane domains. Given the dynamic regulation by ARF, its physical location and its functional positioning between the ER and Golgi, an attractive hypothesis is that Figure 1 shows that ARF is more closely related to the or-subunit of transducin than to the Ras-like small G-proteins. The ARF family consists of six mammalian ARFs, with homologues also described in plants, insects and budding and fission yeasts. There is a high level of conservation across phylogenetic lines. Moreover, a homologue is also found in the simplest eukaryote, the protist Giardia lamblia. This suggests that ARF may have arisen early in evolution when intracellular compartments appeared. Also contained within the ARF family are the proteins ARLs ('ARF-like') and ARD1. ARDl is a 64 kDa protein which
